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Abstract – We propose an ac current source that can be tuned from a pure charge to a pure spin
current source. The device consists of two mesoscopic capacitors attached to a two-dimensional
strip of a topological insulator. The change from charge to spin current is controlled by an offset
in the top gate potentials that drive the capacitors. In addition to this setup, which anticipates
the experimental realisation of quantum point contacts in topological insulators, we propose an
analogous source in the quantum Hall regime which only relies on presently available building
blocks. To this end, we calculate the band structure of a topological insulator in a magnetic field.
The intrinsic spin-orbit coupling, together with a split gate, allows for an analogous source, where
charge and spin current can be manipulated. The realisation of the device as well as the detection
of the ac spin current are within reach of present experimental technology.
Introduction. – Topological insulators (TI) are
states of matter which are not characterised by a local
order parameter but by a topological invariant that rep-
resents a global order of the system [1–3]. At the in-
terface between materials featuring different topological
invariants, localised states appear. In particular, two-
dimensional TIs which are invariant under time reversal
(TR) exhibit pairs of helical edge states at interfaces to
topologically trivial insulators such as the vacuum. The
members of these pairs are related by TR and thus prop-
agate in opposite directions and have opposite spin. As
supported by recent experiments [4–7], the topological na-
ture of these states ensures the absence of backscattering
as long as interactions and inelastic processes are negligi-
ble. These properties make edge channels in TIs the ideal
candidates for electron waveguides in spintronics applica-
tions.
The field of spintronics strives for control and manipu-
lation of the spin degrees of freedom in condensed matter
systems [8]. Spintronics devices can in general be used
as logical base units for high performance computation
and their main ingredients are spin transistors and spin
filters, based on the spin valve effect [9]. Such devices
have been realised in various nanostructures, e.g., ferro-
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magnetic tunnel junctions, molecules, and carbon nan-
otubes [10]. More recently, proposals which use the spin
polarised edge modes of TIs in order to create spin fil-
ters, spin transistors, and spin current pumps [11] have
attracted attention. Particularly promising are logic de-
vices which suggest computation schemes with low power
consumption [12].
Another promising route towards energy efficient com-
putation is provided by electronic few particle processes.
Using sources that emit single particles on demand [13–
16], pioneering experiments [17–20] proved the feasibility
of creating and manipulating single electron excitations in
a controlled manner.
In this Letter, we propose to use two single-particle
sources provided by mesoscopic capacitors [14] to emit
electrons and holes into the helical edge states of a TI [21].
Thereby an ac current in the GHz range is produced that
can be tuned from a pure charge to a pure spin current.
Recent experiments reporting on the detection of ac spin
currents in the GHz range [22] stress the experimental im-
portance of the field of ac spintronics [23]. A device where
a dc current can be tuned from a spin-polarised charge
current to a pure spin current is discussed in Ref. [24].
Because of spin-orbit coupling, spin is usually not a good
quantum number in the considered systems. The role
of spin and total angular momentum is clarified below.
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The single-particle sources rely on quantum point con-
tacts (QPC), which represent a considerable experimental
challenge in TIs. To circumvent this, we additionally pro-
pose a setup where the TI is tuned into the quantum Hall
(QH) regime by a strong magnetic field. For this setup,
all the building blocks are presently available. In particu-
lar, QPCs are provided by top gates which locally change
the filling factor. Since edge states are found at inter-
faces of regions with a different filling factor, they follow
equipotential lines in the QH regime. In TIs, gates can
not change the topological order thus QPCs have to be
created geometrically.
The quantitative analysis of our proposal is done using
material parameters of experimentally available TIs [7].
Due to the strong intrinsic spin-orbit coupling that medi-
ates the band inversion in these TIs, the device still acts
as a source of pure spin current although TR symmetry is
explicitly broken.
The rest of the Letter is structured as follows. First we
discuss the edge states in the utilised model, focusing on
their spin and angular momentum polarisation. The next
section is dedicated to the proposed device in the quantum
spin Hall regime. We then present the behaviour of the
band structure in a magnetic field, providing the necessary
background for the following discussion of the setup in
the QH regime. We end the letter with a summary and
concluding remarks.
BHZ model. – The model we employ for a two-
dimensional TI was developed by Bernevig, Hughes and
Zhang (BHZ) [25]. The resulting Bloch-Hamiltonian reads
H(k) =
(
h(k) 0
0 h∗(−k)
)
,
h(k) = ǫ(k)12 + d(k) · σ, ǫ(k) = C˜ − D˜k
2
d(k) = [A˜kx,−A˜ky,M(k)], M(k) = M˜ − B˜k
2,
(1)
where the quantities with a tilde are material specific pa-
rameters, 12 is the identity matrix of order 2, σ is the
vector of Pauli matrices and k2 = k2x + k
2
y. Systems that
are described by this Hamiltonian include quantum wells
of HgTe/CdTe [25], InAs/GaSb [26] and Ge/GaAs [27].
The basis states of the BHZ Hamiltonian are denoted
by (|E,+1/2〉 , |H,+3/2〉 , |E,−1/2〉 , |H,−3/2〉), where E
(H) denotes states derived from electron-like (hole-like)
bands and the number gives mj , the projection of the to-
tal angular momentum on the z-axis. These basis states
are discussed in detail in Refs. [28,29]. Importantly, mj is
a good quantum number for the basis states (and thus for
the BHZ Hamiltonian at k = 0) which does not depend
on the specific material or sample geometry. We therefore
discuss the proposed device as a source of total angular
momentum current. The projection of the electron spin
onto the z-axis, ms, is only a good quantum number for
the states |H,±3/2〉 which have ms = ±1/2. However,
in the case of HgTe/CdTe, one can make an estimate of
Fig. 1: Proposed ac spin current source in the topological in-
sulator regime. Two mesoscopic capacitors are attached to a
two-dimensional topological insulator. If they are operated in
phase (τ = 0), they both emit electrons and holes at equal
times resulting in a pure and equal ac charge current in the
two contacts (R/L). A delay, τ , can synchronise electron and
hole emission on the different edges. This results in a pure
ac spin current of opposite sign in the different contacts. The
arrows indicate the expectation value of the spin.
the spin polarisation of the mj = ±1/2 states based on
Ref. [29], which gives 〈E,±1/2|Sz |E,±1/2〉 ≈ ±0.73~/2
for a well-width of 7 nm. Here, Sz is the z-component of
the electron-spin operator. For all basis states, we thus
find that 〈Sz〉 and mj have equal signs, which means that
the currents associated with these two quantities are pro-
portional to each other. This justifies the notion of spin
current although we discuss the source in terms of total
angular momentum current which is sample and material
independent unlike the electron-spin current.
We refer to the eigenstates of the upper (lower) block of
Eq. (1) as spin up (down) states. The edge modes can be
found by solving the Hamiltonian for hard wall boundary
conditions [30, 31]. Since they have equal weights on the
|E,±1/2〉 and |H,±3/2〉 state, we find 〈Jz〉α = ±~, where
Jz is the z-component of the total angular momentum op-
erator and α labels the spin of the edge state. Tuning
the Fermi energy, EF , into the bulk gap, only these edge
modes contribute to transport. They constitute the scat-
tering channels which are referred to below.
Time reversal invariant source. – The proposed
source is sketched in Fig. 1. It consists of two mesoscopic
capacitors attached to opposite sides of a strip of a two-
dimensional TI. The working principle of a mesoscopic ca-
pacitor in the TI regime is discussed in Refs. [21] and
is similar to the analogous device in the QH regime [14],
which has been implemented experimentally [17]. A meso-
scopic capacitor consists of a quantum dot, tunnel cou-
pled to the helical edge states. Using a top gate, U(t), a
pair of Kramers degenerate quantum dot levels are moved
above and below EF in a periodic manner. Every time the
Kramers pair is lifted above EF , one electron is ejected
p-2
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into each outgoing channel, one propagating to the left,
one to the right. Every time the level pair moves below
EF a hole is emitted into each channel. A single capacitor
thereby creates an equal, spin-polarised ac charge current
in the contacts L and R.
For simplicity, identical capacitors are considered, the
only difference being a time shift τ in their periodic top
gate potential. If the two capacitors are operated in phase
(τ = 0), the charge current measured at one of the contacts
(R/L) is doubled with respect to a single capacitor but the
spin current is cancelled, since there is a channel of each
spin entering each contact. Operating the capacitors out
of phase, such that electron emission of one capacitor is
synchronised with hole emission of the other capacitor, the
charge current vanishes. Since an electron of a given spin
species and a hole of the opposite spin species contribute
equally to the spin current, this results in a pure ac spin
current which is opposite in each contact.
For a quantitative analysis, we resort to the scattering
approach [13]. There are four channels connecting the two
contacts in the setup sketched in Fig. 1. Since the chan-
nels at the upper and lower edges are well separated and
because of TR invariance, there is no scattering between
the channels. The total charge current is therefore just the
sum of the currents created by each capacitor. In order
to move a dot level above and below EF , we consider the
experimentally relevant step-like top gate potential with
an amplitude given by the dot level spacing ∆ and a fre-
quency 2π/T in the GHz range [18]. The charge current
emitted into a single channel by the capacitor located at
the upper edge is periodic in time with period T and reads
[15]
Ic(t) =
{
e
τD
e−t/τD for 0 ≤ t < T /2,
− eτD e
−(t−T /2)/τD for T /2 ≤ t < T .
(2)
Here τD = h/(D∆) is the dwell time with D being the
transmission probability through the QPC and e < 0 is the
elementary charge. We consider the case where τD ≪ T /2,
such that in each cycle exactly one electron and one hole
is emitted. The charge current emitted by the capacitor
located at the lower edge is given by Ic(t− τ).
Due to the linear dispersion, the spin current in a
given channel α is proportional to the charge current
Isα(t) = 〈Jz〉α I
c
α/e. The quantised emission of a single
particle into channel α is therefore accompanied by the
quantised emission of angular momentum in units of 〈Jz〉α.
Operating the two capacitors with a time shift τ leads to
the currents in the right and left contacts
IcR(t) = I
c
L(t) = I
c(t) + Ic(t− τ),
IsR(t) = −I
s
L(t) =
~
e
[Ic(t)− Ic(t− τ)] ,
(3)
where the subscript R/L denotes the contact and we made
use of the fact that 〈Jz〉α = ±~ for the edge channels.
Fig. 2: Charge and spin current (e = ~ = 1) emitted by the
source into the right contact. Black (solid) line shows the pure
charge current for synchronous operation which is equal to the
pure spin current for τ = T /2. The green (broken) line shows
the charge current, the blue (dashed) line the spin current, for
a finite delay. Changing τ moves the peaks and dips centred
around τ and T /2 + τ , going from a pure charge (τ = 0) to
a pure spin current (τ = T /2). Note that an equal (opposite)
charge (spin) current enters the left contact.
The charge and spin currents entering the right contact
are plotted in Fig. 2. For τ = 0, each capacitor emits
an electron at time t = 0 and a hole at time t = T /2.
The charge current is thus maximised and there is no spin
current. For a finite τ , the upper capacitor emits an elec-
tron at time t = 0 which contributes positively to both
charge and spin current, while the lower capacitor emits
an electron at time t = τ which contributes positively to
the charge and negatively to the spin current. The op-
posite holds for the holes and for the spin current in the
left contact. Finally, when τ = T /2, the electron of the
upper capacitor is synchronised with the hole of the lower
capacitor. The charge current vanishes and the spin cur-
rent is maximised. Controlling the time shift thus allows
one to tune from a pure charge to a pure spin current.
Conveniently, mesoscopic capacitors are usually operated
in the GHz range, where experimental detection of ac spin
currents has recently been reported [22].
Edge states in a magnetic field. – Since the fab-
rication of QPCs in TIs remains an open challenge, we
extend our proposal to the QH regime, where QPCs can
be implemented using gates. To this end, we first describe
the behaviour of the helical edge states in a perpendic-
ular magnetic field. The transition from the quantum
spin Hall to the QH regime in the honeycomb lattice is
discussed in Refs. [32], the effect of a magnetic field in
HgTe/CdTe quantum wells in Refs. [33]. In the light of
recent experiments [7], we consider an InAs/GaSb quan-
tum well with the material parameters given in Ref. [34].
The band structure evolution in a magnetic field is qual-
itatively similar for all materials described by the BHZ
model. However, the required magnetic field depends on
p-3
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Fig. 3: Evolution of the band structure of InAs/GaSb in a magnetic field. The colour scheme indicates the expectation value
〈Jz〉. a) For a weak magnetic field, spin up (down) states move up (down) in energy and the crossing of opposite spin states
moves to negative (positive) ky for the upper (lower) edge. The crossings at zero energy are lifted by the inversion asymmetry
terms as shown in the inset. b) In a strong magnetic field, Landau levels develop with a characteristic texture of 〈Jz〉. For fields
stronger then Bc, the intrinsic band inversion is revoked and all the electron-like Landau levels are above the hole-like Landau
levels. c) A split gate can move the band structure up (down) on the upper (lower) half of the sample by locally applying the
potential Vu (Vl), with ∆V ≡ Vu − Vl. The upper half then supports a 〈Jz〉u = 3~/2 and the lower half a 〈Jz〉l = −~/2 edge
channel. The inset shows the band structure including the Zeeman splitting for the same magnetic field and ∆V = 7meV.
For these calculations we used a tight-binding regularization of the BHZ model.
the material parameters. It is quantitatively similar in
HgTe/CdTe while in Ge/GaAs it is two orders of magni-
tude higher. Since we are interested in the spin texture,
we take into account the spin coupling terms that arise in
this material due to bulk (BIA) and structural inversion
asymmetry (SIA) [26]
HBIA(k) =


0 0 ∆ek+ −∆
0 0 ∆ ∆hk−
∆ek− ∆ 0 0
−∆ ∆hk+ 0 0

 , (4)
and
HSIA(k) =


0 0 iRk− 0
0 0 0 0
−iR∗k+ 0 0 0
0 0 0 0

 , (5)
where k± = kx ± iky and ∆e/h, R are material dependent
constants. We verified numerically that the Zeeman split-
ting only quantitatively modifies those features required
for the generation of spin currents (see the inset in Fig. 3 c)
and thus neglect this effect in the general discussion, re-
turning to it at the end of this letter. The Hamiltonian
we consider is thus the sum of Eqs. (1, 4, 5), where the
magnetic field is introduced using the minimal coupling in
the Landau gauge kx → −i∂x, ky → ky − eBx/~.
The behaviour of the edge states in a magnetic field
is illustrated in Fig. 3 a and b and in the supplemental
video on-line. For small magnetic fields, the up (down)
spin states are pushed up (down) in energy. This shifts
the crossing of the opposite spin states at zero energy to
negative ky values for the upper edge and to positive ky
values for the lower edge. Since these crossings are no
longer protected by TR invariance and since the spins are
coupled by the inversion asymmetry terms, a gap opens
up (see inset of Fig. 3 a).
Further increasing the magnetic field moves the cross-
ings between the same spin states into the bulk states.
Coupling of the different edges via the bulk states lifts
these degeneracies and Landau levels are formed. The
spin up states give rise to a hole-like Landau level which
is above the electron-like spin-down Landau level due
to the intrinsic band inversion (not shown). Increas-
ing the magnetic field further shifts the hole-like spin-up
level down and the electron-like spin-down level up in en-
ergy, until they eventually undergo an avoided crossing at
Bc = ~M˜/(eB˜) ≈ 8.23 T [30]. For higher magnetic fields,
all electron-like Landau levels are above the hole-like Lan-
dau levels and they alternate in the sign of 〈Jz〉α (see
Fig. 3 b). Since at high magnetic fields, ky is directly pro-
portional to the x-component of the centre of cyclotron
motion, we can read off the localisation of the electrons
directly from the band structure.
Quantum Hall source. – In this section, we extend
our proposal to the QH regime, where it consists exclu-
sively of experimentally available building blocks.
A bottom gate can be used to shift the band struc-
ture relative to EF . As experimentally demonstrated in
Ref. [5], a split gate can be used to shift the band struc-
ture up in energy in one half, and down in energy in the
other half of the sample. We model this by including a
potential V which is positive in the upper half and nega-
tive in the lower half of the sample (see Fig. 4). This leads
to the band structure shown in Fig. 3 c with four states at
EF . The states at the edges of the sample both propagate
to the right and have spin polarisations of opposite signs
but different magnitudes. The state at the upper edge has
〈Jz〉u = 3~/2, the state at the lower edge 〈Jz〉l = −~/2.
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Fig. 4: Proposed ac spin current source in the quantum Hall
regime. A strong magnetic field is used to produce Landau
levels. Using a split gate (Vu and Vl, blue and red shading),
the upper half is tuned into a regime where one edge state
with 〈Jz〉u = 3~/2 (blue, solid) propagates clockwise, while in
the lower half an edge state with 〈Jz〉l = −~/2 (red, dashed)
propagates counter clockwise. The leftmoving states are lo-
calised in the middle of the sample, ensuring the absence of
backscattering.
Since the leftmoving states are located in the middle of
the sample, there is no backscattering.
To achieve a source of ac spin current, a mesoscopic ca-
pacitor is attached to each side of the sample as sketched
in Fig. 4. The current emitted by the capacitors is de-
scribed by Eq. (2). Note that in this setup, the channels
connected to the mesoscopic capacitors both propagate to
the right, meaning that IcL = I
s
L = 0. The charge current
in the right contact is still given by Eq. (3) and the spin
current reads
IsR(t) =
~
e
[
3
2
Ic(t)−
1
2
Ic(t− τ)
]
. (6)
Even at τ = 0, this source thus emits a spin current of Ic;
a pure charge current can no longer be created. However,
a pure spin current of 2Ic can still be generated by an
offset τ = T /2.
We end this letter with some remarks on the feasibility
of our proposal. As shown in Fig. 3 c, the spin-down state
that is coupled to the lower capacitor has a spin-up state
in its vicinity. The gap between these states is approx-
imately 1 meV. Even if the Fermi energy lies above the
spin-up Landau level, the QPC of the capacitor can be
operated to be transmitting only for the outer, spin-down
edge channel.
In the inset of Fig. 3 c, we include the Zeeman splitting
with estimates for the g-factor of −8 for electrons and −3
for holes [35]. The Zeeman splitting has no observable ef-
fect on the spin polarisation. Although the band inversion
is no longer revoked at 9.5T, the available states at EF ,
and thus our results, remain unchanged. In the contacts, a
magnetic field as high as 9.5 T will induce a Zeeman split-
ting which even for high g-factors remains much smaller
than EF , justifying the approximation of a linear spec-
trum. Due to this splitting, spin-flip processes need to be
inelastic or accompanied by a momentum transfer, making
them less likely.
Recent work indicates that our proposal is robust
against disorder and deformations of the quantum dots
[36]. Although we focused on InAs/GaSb quantum wells,
our results are quantitatively similar for HgTe/CdTe quan-
tum wells making our proposal relevant for both experi-
mentally available TI materials [4, 7].
Conclusion. – Using two mesoscopic capacitors [14]
attached to the sides of a TI, we propose an ac current
source that can be tuned from a pure charge to a pure
spin current source by varying an offset in the driving
potentials of the capacitors. So far, QPCs have not been
implemented in TIs. We therefore extend our proposal
to the QH regime, where QPCs are provided by gates.
To this end, we discuss the behaviour of the helical edge
states in a perpendicular magnetic field [33]. The emerging
Landau levels have a characteristic angular momentum
structure due to the intrinsic spin-orbit coupling of TI
materials. Using a split gate [5], we produce a situation
where two co-propagating states with angular momentum
expectation value of opposite directions are localised at
the opposite edges of the sample. Analogous to the source
in the TR invariant regime, the charge and spin currents
can be manipulated by varying the offset in the driving
potentials. Since the magnitude of the angular momentum
expectation value on the two edges is different, a pure
charge current cannot be produced any more. However, a
pure ac spin current can still be generated.
Due to recent experimental breakthroughs in the fields
of single electron sources [17], topological insulators [4,7],
and spin current detection [22], our proposal is experi-
mentally feasible and will hopefully stimulate more exper-
iments in the upcoming field of ac spintronics.
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